Abstract: Various studies showed that a "one size fits all" dietary recommendation for weight management is questionable. For this reason, the focus increasingly falls on personalised nutrition. Although there is no precise and uniform definition of personalised nutrition, the inclusion of genetic variants for personalised dietary recommendations is more and more favoured, whereas scientific evidence for gene-based dietary recommendations is rather limited. The purpose of this article is to provide a science-based viewpoint on gene-based personalised nutrition and weight management. Most of the studies showed no clinical evidence for gene-based personalised nutrition. The Food4Me study, e.g., investigated four different groups of personalised dietary recommendations based on dietary guidelines, and physiological, clinical, or genetic parameters, and resulted in no difference in weight loss between the levels of personalisation. Furthermore, genetic direct-to-consumer (DTC) tests are widely spread by companies. Scientific organisations clearly point out that, to date, genetic DTC tests are without scientific evidence. To date, gene-based personalised nutrition is not yet applicable for the treatment of obesity. Nevertheless, personalised dietary recommendations on the genetic landscape of a person are an innovative and promising approach for the prevention and treatment of obesity. In the future, human intervention studies are necessary to prove the clinical evidence of gene-based dietary recommendations.
Body Weight Regulation
The regulation of body weight is of a complex nature. In addition to energy intake and expenditure, physiological parameters, feedback, and interaction systems of hormones, as well as the central nervous system, play a major role in body weight regulation. Signals of hunger and satiety are transmitted from fat tissue, muscles, and the gastrointestinal tract to brain areas. One of the satiety hormones is leptin, which is released by the adipose tissue and regulates the neuropeptide expression in the hypothalamus [1, 2] . Leptin deficiency leads to extreme obesity and presents the most popular form of monogenic obesity [3] . Another hormone of hunger and satiety is ghrelin, which is secreted in the gastrointestinal tract after energy intake, and which is involved in glucose, lipid, and energy metabolism [4] . There are many other hormones which are involved in the regulation of hunger and satiety such as insulin, cholecystokinin, or glucagon-like peptide 1 [1, 5, 6] . For body weight maintenance, a balanced energy homeostasis is necessary. Therefore, lifestyle factors leading to a positive or negative energy balance result in weight gain or loss, respectively.
Dietary Intervention and Weight Loss
Lifestyle changes based on increasing physical activity and reducing energy intake are the basic therapeutic approaches for weight loss and weight maintenance. It is well known that not the macronutrient composition of a diet, but the energy content resulting in a negative energy balance plays the major role for weight loss. This guarantees a higher flexibility for experts and patients in the choice of a dietary concept in order to reach a hypocaloric diet for weight loss. Additionally, food preferences and wishes of patients, as well as the suitability of the dietary strategy for the daily routine can be taken into account. An evaluation of 48 studies showed that, regardless of the macronutrient composition of a diet, the extent of weight loss was similar within six and 12 months [7] . In another study, four diets consisting of different macronutrient compositions were investigated. After two years, there was no significant difference in weight loss between the four intervention groups [8] . Another study by Shai et al. showed that weight reduction after two years was independent of the macronutrient composition of the diet [9] . This effect was confirmed in a study on 609 adults with a body mass index (BMI) between 28 and 40 kg/m 2 [10] . Gardner et al. found out that, after one year of dietary intervention, mean weight loss was not significantly different as individuals lost 6.0 kg of weight in the low-carbohydrate diet group and 5.3 kg of weight in the low-fat diet group [10] . A meta-analysis of 16 randomised controlled trials including 3436 individuals suggests that a Mediterranean diet leads to a significantly higher weight loss compared to a control diet (mean difference between diet groups: −1.75 kg), especially if diet was energy-reduced and was associated with an increased physical activity [11] . Based on this finding and further studies, it might be concluded that alternative diets such as the plant-based form of the Atkins diet or the Mediterranean diet may lead to a moderate weight loss [9, 12, 13] . However, due to the saturation effect of protein-rich diets, an increased protein intake is also often aimed at in nutritional weight loss concepts. Another aspect is the quality of fats. Studies showed that an increased consumption of omega-3 or omega-6 polyunsaturated fatty acids improves plasma lipid levels as well as the risk for cardiovascular events [14, 15] . In addition, new information and communication technologies such as mobile applications are popular for making self-help recommendations for weight loss [16] . Due to eating preferences, as well as individual metabolic responses on dietary intake and large variations in weight loss success, the need of an individual nutritional recommendation instead of a "one size fits all" is increasing. Personalised dietary recommendations are of high potential for an improved and more successful weight management. However, the nature and the extent of personalised dietary recommendations are still unknown.
Individual Metabolic Response to Dietary Intervention
In the last few years, studies showed that persons individually respond to predefined meal challenges. In the Human Metabolome (HuMet) study, 15 males were investigated for metabolic responses to specific challenges [17] . After a fasting period of 36 h, participants underwent an oral glucose and lipid test, liquid test meals, and exercises, and they were exposed to cold. Due to deep phenotyping and the healthy nature of the participants, Krug et al. could show large variability in metabolic responses between phenotypically similar individuals after challenges by test meals or exercise programmes [17] . Another study investigated the metabolic response to identical meals in 800 participants. In this Israeli study, blood glucose levels of the participants, aged 18-70 years, were analysed during a standardised meal resulting likewise in a large inter-individual variability [18] . The average postprandial glycaemic response (PPGR) differed largely between individuals (e.g., bread: 44 ± 31 mg/dL·h (mean ± standard deviation). This inter-individual difference of glycaemic response validated the fact that the same meal may lead to another or even the opposite metabolic response when comparing different individuals. In a sub-study, participants were assigned to a predicted "good" or "bad" diet based on the glucose levels. The results showed that personalised dietary interventions can lead to improved PPGR [18] . Another study by the same research group analysed the individual PPGR to different types of bread [19] . In that randomised cross-over trial, participants received a white or sourdough-leavened bread. A large inter-individual variability in PPGR to the two kinds of bread was confirmed. Some subjects had a higher glycaemic response to one bread and some to the other [19] . In a cross-over study, the metabolic response of 20 healthy male volunteers and 20 male patients with type 2 diabetes to a PhenFlex test drink or glucose drink (OGTT) was investigated [20] . The PhenFlex test used a drink consisting of 60 g of fat, 75 g of glucose, and 20 g of protein.
OGTT corresponds to the commonly used drink with 75 g of glucose. A total of 132 metabolic parameters were quantified as markers for 26 different metabolic processes. The results showed a significant difference between the two groups, indicating different phenotypic flexibility, especially in metabolically impaired individuals [20] . The explanations for the differences in metabolic response are complex and widely discussed. Genetic parameters, as well as the microbiome, might play a role and are of high potential to explain a certain amount of the inter-individual metabolic differences upon meal challenges.
Purpose of This Work
The purpose of this article was to provide a science-based viewpoint on gene-based personalised nutrition and weight management. This means that the scientific background of the commercially available direct-to-consumer (DTC) genetic tests was questioned. Furthermore, human intervention studies investigating the effect of gene-based dietary recommendations on weight change are described in order to present the ongoing research. This viewpoint combines different perspectives (science, clinical evidence, practical issues) and various aspects (scientific results, commercially available offers) and discusses recent issues aiming to highlight the current evidence of gene-based personalised nutrition.
Definition of a Gene-Based Personalised Diet
To date, there is no single definition of a personalised diet. Personalised nutrition is also called precision or tailored nutrition [21] . Nizel et al. defined personalised nutrition with a personal consultation of patients in order to achieve an improvement in dietary habits [22] . Subsequently, further tools were included, such as online available platforms or applications based on dietary and behavioural habits of each patient as a kind of computer-generated personalised nutrition [23] . Another concept defined as "personalised, gene-based nutrition" combines genetic information with specific dietary recommendations. In 2013, Stewart-Knox et al. described a personalised nutrition as a healthy dietary recommendation tailored to the health status, lifestyle, and/or the genetic information of an individual [24] . Lifestyle data included age, gender, height, weight, and clinical facts such as disease history, food allergies, or intolerances, as well as dietary habits and exercise behaviour. Wang and Hu included at least the microbial composition to improve dietary recommendations [25] . Furthermore, personalised nutrition is directly related to nutrigenetics [26] . However, direct translation from a genetic profile to the phenotypic characterisation of a person is of a complex nature. Therefore, the concept of personalised dietary recommendations has to follow a multi-dimensional approach considering, e.g., social, lifestyle, genetic, and metabolic parameters. Different aspects of a personalised nutrition are described in Figure 1 .
The major aim of a personalised nutrition, according to Daniel and Klein, should be a dietary recommendation adjusted to an individual's requirements by including, if necessary, dietary recommendations based on phenotype and genotype to maintain the health status and to counteract risks for diseases or their comorbidities [27] . In a double-blinded randomised controlled trial, shortand long-term effects on dietary intake of a gene-based personalised nutrition were investigated [28] . In this study, Nielsen and El-Sohemy showed that there was no significant difference in dietary intake after three months of intervention between the intervention group receiving information on their genetic background and, additionally, a corresponding gene-based dietary recommendation and the control group. After 12 months, some significant improvements in dietary intake such as a reduced intake of sodium in the personalised nutrition group were observed, suggesting a long-term change in dietary habits [28] . Nevertheless, the exact mechanisms and factors influencing the long-term effect of a personalised nutrition are still unclear.
Another aspect is the psychological effect of a personalised dietary recommendation. In a survey, 9381 participants from nine European countries were interviewed [29] . The questionnaire was based on results of an explorative analysis and data from the literature. The study showed that the greater the participant's benefit of a personalised dietary recommendation is, the more positive the respective attitudes are and the greater the probability that such a recommendation will be accepted [29] . The results of this study also indicate that the provider's presentation of the potential benefits, the efficacy of regulatory control, and the protection of consumers' personal data are major concerns for the adoption of personalised dietary recommendations. These aspects are also in line with the Health Belief Model [30] . This model describes that changes in health behaviour are more likely if the associated benefits are experienced as high, while individual burdens ("costs") are perceived as low. Another point, suggested by Anderson, is the consideration of the social environment for personalised dietary recommendations to maximise the individual success and the change to healthy eating behaviour [31] . The social network, e.g., contact with a partner or a group, could prevent unhealthy eating behaviour through regular contact, monitoring of each other's weight change, and solving problems together. was based on results of an explorative analysis and data from the literature. The study showed that the greater the participant's benefit of a personalised dietary recommendation is, the more positive the respective attitudes are and the greater the probability that such a recommendation will be accepted [29] . The results of this study also indicate that the provider's presentation of the potential benefits, the efficacy of regulatory control, and the protection of consumers' personal data are major concerns for the adoption of personalised dietary recommendations. These aspects are also in line with the Health Belief Model [30] . This model describes that changes in health behaviour are more likely if the associated benefits are experienced as high, while individual burdens ("costs") are perceived as low. Another point, suggested by Anderson, is the consideration of the social environment for personalised dietary recommendations to maximise the individual success and the change to healthy eating behaviour [31] . The social network, e.g., contact with a partner or a group, could prevent unhealthy eating behaviour through regular contact, monitoring of each other's weight change, and solving problems together. 
Genetics and Obesity
The first studies investigating the association between a genetic background and body weight were focused on the heritability of body weight by analysing twins or adopted children. Bouchard et al. could show that, after overfeeding, the differences in increasing body weight were higher between twin pairs than within one twin pair [32] . In adoption studies, the BMI of adopted children was more associated with the BMI of their biological parents than with the BMI of their nonbiological parents [33] . However, in hypothesis-driven candidate gene studies, a significant association between genetic loci and body weight was identified. The investigated genes were mainly chosen due to biological plausibility and had a function in regulating food intake, played a role in lipid metabolism, or were involved in the excretion of intestinal hormones. For instance, the fatty-acid-binding protein 2 (FABP2) is expressed by epithelial cells of the small intestine where it is mainly related to fat absorption. Variants in the FABP2 genetic locus lead to increased fat absorption and are associated with obesity [34, 35] . Another example is the peroxisome proliferatoractivated receptor-gamma (PPARG) gene, which is expressed in fat cells and, thus, plays a key role in the differentiation of adipocytes [36, 37] . Deeb et al. could show that the PPARG gene is associated with BMI and insulin sensitivity [38] . In hypothesis-free, genome-wide association studies (GWAS), many genetic loci were identified for an association with body weight [39] [40] [41] [42] . However, only 2.7% of the variation in BMI might be explained by these genetic loci [40] . Up to now, around 500 genetic loci are described for associations with adiposity traits such as BMI or 
The first studies investigating the association between a genetic background and body weight were focused on the heritability of body weight by analysing twins or adopted children. Bouchard et al. could show that, after overfeeding, the differences in increasing body weight were higher between twin pairs than within one twin pair [32] . In adoption studies, the BMI of adopted children was more associated with the BMI of their biological parents than with the BMI of their non-biological parents [33] . However, in hypothesis-driven candidate gene studies, a significant association between genetic loci and body weight was identified. The investigated genes were mainly chosen due to biological plausibility and had a function in regulating food intake, played a role in lipid metabolism, or were involved in the excretion of intestinal hormones. For instance, the fatty-acid-binding protein 2 (FABP2) is expressed by epithelial cells of the small intestine where it is mainly related to fat absorption. Variants in the FABP2 genetic locus lead to increased fat absorption and are associated with obesity [34, 35] . Another example is the peroxisome proliferator-activated receptor-gamma (PPARG) gene, which is expressed in fat cells and, thus, plays a key role in the differentiation of adipocytes [36, 37] . Deeb et al. could show that the PPARG gene is associated with BMI and insulin sensitivity [38] . In hypothesis-free, genome-wide association studies (GWAS), many genetic loci were identified for an association with body weight [39] [40] [41] [42] . However, only 2.7% of the variation in BMI might be explained by these genetic loci [40] . Up to now, around 500 genetic loci are described for associations with adiposity traits such as BMI or waist-to-hip ratio [43] . To date, the fat mass and obesity associated (FTO) locus is the gene with the strongest effect on body weight. Frayling et al. could show that carriers of two risk alleles of the single nucleotide polymorphism (SNP) rs9939609 at the FTO locus weighed up to three kilograms more than the non-risk allele carriers [44] . This finding was confirmed by Dina et al. in French individuals [45] but not in African Americans [46] . Scuteri et al. explained this non-significant finding in African Americans by the ethnic-based differences of the genetic architecture of obesity. The FTO SNP rs9939609 might be quite common in Europeans but rare in African Americans [46] . Claussnitzer et al. showed that the FTO SNP rs1421085 influences the expression of two proxies of the iroquois homeobox family, resulting in the promotion of the expression of energy-storing white adipocytes and in the inhibition of energy-burning beige adipocytes [47] . Therefore, weight gain may not necessarily be the result of higher energy intake, but may be related to a reduced proportion of energy-burning adipocytes [47] . In addition to the FTO locus, further genetic variants at different loci were shown to be associated with body weight. One of these is the transmembrane protein 18 (TMEM18) gene. TMEM18 is expressed throughout the body and plays a role in the regulation of body weight, appetite, and even in the development of obesity [48, 49] . Another gene on chromosome 18 is the melanocortin-4 receptor (MC4R), whose risk allele is associated with 0.23 kg/m 2 higher BMI [42] . This effect might be explained by the role of MC4R in the regulation of dietary intake [50] . Moreover, a deficiency of this gene leads to the most common monogenic form of obesity [51] . However, the biological function of most of the obesity-associated genetic loci remains unclear [43] . In the future, the identification of rare and causal genetic variants might serve for drug development for weight loss.
Genetics and Weight Loss
It seems plausible that obesity-associated genetic variants are also associated with weight loss. Therefore, studies investigated the association between SNPs and weight change. In a systematic review and meta-analysis, Xiang et al. meta-analysed 10 weight loss intervention studies [52] . In this meta-analysis, the FTO risk allele A carriers had significantly greater weight loss than non-risk allele carriers. However, in another systematic review and meta-analysis on the association between the FTO gene and weight loss, Livingstone et al. summarised the findings of eight randomised controlled trials including 9563 adults [53] . Results of that meta-analysis showed that people carrying the FTO risk allele of SNP rs9939609 achieved a similar weight loss compared to non-risk allele carriers after dietary intervention. Livingstone et al. justified the different outcomes of the two meta-analyses with the fact that, despite a small overlap of the included studies, the population size in the work of Livingstone et al. was considerably larger and only randomised trials were considered for inclusion [53] . This non-significant difference between risk and non-risk allele carriers is in line with an intervention study which investigated 26 obesity-related loci and their association with weight loss [54] . In this randomised controlled trial conducted in eight clinical centres in Europe, 771 adults with obesity underwent a 10-week dietary hypocaloric intervention. There were no significant differences in weight loss when risk allele carriers were compared to non-risk allele carriers [54] . Results of the recently published randomised controlled Diet Intervention Examining the Factors Interacting with Treatment Success (DIETFITS) study showed again that weight reduction of 609 adults with overweight was independent of genotypes [10] . In addition to the non-significant findings, a pooled analysis of studies showed a significant positive association between the risk G allele of the mitochondrial translational initiation factor 3 SNP rs1885988 and weight loss [55] .
Genetics and Dietary Intake
The regulation of food intake, selection of macronutrients, and total energy intake is very complex. Some epidemiological and intervention studies investigated associations between genetic variants and dietary intake.
A systematic review and meta-analysis analysed data from epidemiological studies which investigated the association between the FTO genotype and macronutrient intake [56] . In this review, Livingstone et al. provided evidence for a significant association between carriers of FTO risk alleles and a reduced energy intake of around six kilocalories per day [56] . Another published systematic review provided an overview of a wide range of genetic loci and confirmed an inconsistency of findings concerning the relationship between genetic variants and energy intake [57] . A recently published GWAS investigated the relationship between genetic loci and energy intake in 18,773 individuals of European ancestry [58] . No significant association between genetic variants of the FTO gene and energy intake was found.
Livingstone et al. could further show a significant association between FTO risk allele carriers and an increased fat and protein intake [56] . In contrast to Livingstone et al. [56] , the systematic review by Drabsch et al. [57] did not provide clear evidence of an association between FTO and carbohydrate or fat intake. This result was confirmed by Merino et al. who provided data of a large GWAS based on 91,114 individuals from 24 epidemiological studies [59] . No genome-wide significance for an association between the FTO SNP rs1421085 and carbohydrate or fat intake was shown. Only the association between the FTO SNP rs421085 and a higher protein intake was confirmed. In addition to the FTO genotype, further genetic loci were investigated for associations with macronutrient intake. Merino et al. identified two genetic loci, the retinoic acid receptor beta (RARB) locus and the deoxyribonucleic acid (DNA) damage regulated autophagy modulator 1 (DRAM1) locus, which showed genome-wide significance concerning a relation to macronutrient intake. The RARB SNP rs7619139 was positively associated with carbohydrate intake. Similarly, a significant association between rs77694286 at the DRAM1 locus and a higher protein intake was shown. In addition to these findings, Merino et al. confirmed that the fibroblast growth factor 21 SNP rs838133 was associated with all macronutrient intakes [59] .
In addition to epidemiological findings, results from intervention studies are of interest (Table 1 ). In the Nutrient-Gene Interactions in Human Obesity (NUGENOB) randomised trial, 771 adults with obesity were assigned to a 10-week dietary intervention based on two different hypocaloric diets [54] . A total of 42 SNPs at 26 genetic loci were examined. The results showed no significant interaction between genetic variants and dietary intervention on weight change [54] . This result was confirmed by the Diet, Obesity, and Genes (DiOGenes) study [60] , in which 742 participants were randomly assigned to one of five diets based on different levels of glycaemic indices. However, findings could not provide significant evidence for 651 different SNPs and an interaction with diet on weight change [60] . In 2012, results of the randomised controlled trial Preventing Overweight Using Novel Dietary Strategies (POUNDS LOST) were published [61] . In this study, FTO risk allele carriers showed a significantly increased improvement in body weight change, body composition, and fat distribution compared to carriers of the non-risk allele. However, this effect was only observed if risk allele carriers of the FTO SNP rs1558902 followed a high-protein diet [61] . In a prospective analysis of this trial, Qi et al. described that homozygous risk allele C carriers of the insulin receptor substrate 1 SNP rs2943641 had higher weight loss than those with the non-risk genotype in the high-carbohydrate and low-fat diet group [62] . Furthermore, results of the Food4Me [63] and the DIETFITS [10] study were not significant (Table 1 ). In conclusion, none of the selected studies presented in Table 1 could show either a significant SNP-diet interaction on weight loss or a genotype-dependent effect on weight loss. Examples for studies investigating associations between genetic variants, dietary intake and weight change. ADRB2, adrenoreceptor beta 2; ApoE(e4), apolipoprotein E (e4); DIETFITS, the Diet Intervention Examining the Factors Interacting with Treatment Success randomised clinical trial; DiOGenes, the Diet, Obesity, and Genes study; FABP2, fatty-acid-binding protein 2; FADS1, fatty-acid desaturase 1; FTO, fat mass and obesity associated; MTHFR, methylenetetrahydrofolate reductase; NUGENOB, Nutrient-Gene Interactions in Human Obesity: Implications for Dietary Guidelines; PPARG, peroxisome proliferator-activated receptor-gamma; SNP, single nucleotide polymorphism; TCF7L2, transcription factor 7 like 2.
Direct-to-Consumer Tests
Gene-based dietary recommendations represent potential for commercial purposes. A number of companies already offer so-called DTC genetic tests (Table 2 ). The given dietary recommendation is based on the customer's DNA sample. The genetic profile, which is determined by the commercial providers, is mainly based on gene variants, which were investigated in candidate gene studies and for which associations with metabolic functions or certain disease risks are known (Table 2) . One example might be the PPARG locus, which is associated with insulin sensitivity and body weight [38] .
In general, a DTC test is defined as genetic test which is purchased directly by the consumer mostly via the internet [64] . In this case, genetic tests typically use saliva samples. Some companies only investigate one single genetic variant, while other DTC genetic test companies analyse several hundred SNPs [64] . The general pattern according to which these companies proceed is shown in Figure 2 . After registration (online profile), the customer receives a box with tools, with which the genotype of each individual can be analysed using saliva samples. Based on the customer's profile and the genetic background, the company provides a personalised dietary recommendation. Subsequently, customers receive their specific results of the genetic test, as well as the dietary recommendation by email or by downloading the material in the online account on the company's website. In some cases, customers also receive a proposal for supplements that they can purchase directly from the company and that support the compliance of the gene-based dietary recommendations. The costs of a genetic DTC test vary largely between companies. In Table 2 some companies and their concepts are listed.
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In a systematic review by Covolo et al., different aspects of DTC tests were summarised [67] . The clinical validity of the genetic tests and the benefits are still limited. Furthermore, a lack of scientific evidence is clearly pointed out. In addition, contradictions in the results of genetic tests on the same individuals were identified. Due to missing counselling, a high risk of misinterpretation of the genetic result is given. Covolo et al. concluded that the practical experiences are limited, and that this market is still in a premature state [67] .
Current Opinions for Gene-Based Diets
As described above, there is little scientific evidence for genetic DTC tests. This is also reflected by the opinions of nutritional and genetic societies. The German Society for Human Genetics rejects the use of genetic tests in their positioning paper [68] , and the American Society of Dietetics and Nutrition declined the use of gene-based dietary recommendations in clinical settings [69] . In their position paper they stated, "The practical application of nutritional genomics for complex chronic disease is an emerging science and the use of nutrigenetic testing to provide dietary advice is not ready for routine dietetics practice. Registered dietitian nutritionists need basic competency in genetics as a foundation for understanding nutritional genomics; proficiency requires advanced knowledge and skills". A systematic review of 17 European position statements, policies, guidelines, and recommendations described the concerns of societies about the DTC tests referring to the quality, genetic understanding, and protection of privacy [70] . Despite the concerns of societies, the mentioned review points out that the concept should be strictly regulated and that a common European regulation on the use of genetic data is crucial [70] . In addition, medical staff should be given the best possible training in the field of genetic DTC tests. In addition to the opinions of public societies, even the personal opinions, wishes, and concerns of individuals should be taken into account [71] . Furthermore, ethnic-based genetic differences should be considered.
Outlook
Bray and colleagues clearly pointed out in their article that personalised dietary recommendations are a hot topic for future obesity therapy and that clinical studies are necessary [72] . The whole area of personalised nutrition is very complex, and it is of urgent need to focus on several aspects (Figure 1) , and not only on the person´s genetic background. Therefore, it is indispensable to conduct multidisciplinary studies in order to bring all potential factors together for a valid personalised dietary recommendation. The topic of personalised nutrition was picked up in the framework of the enable cluster (http://www.enable-cluster.de), which is funded by the Federal Ministry of Education and Research in Germany. The aim of the lifestyle intervention (LION) study is to identify, e.g., genetic, epigenetic, metabolic, and psychological predictors and barriers for weight loss and weight loss maintenance. 
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